System analysis was conducted on a proposed combined system for methane steam reforming comprising conventional hydrogen production and waste heat recovery from steelmaking. Operating data for a conventional methane steam reforming system were collected and analyzed. The results showed that the conventional system utilized only 60 % of the natural gas as raw material and the rest is consumed for supplying the reaction heat for methane steam reforming. On the basis of this data, the proposed system was evaluated on five factors-natural gas consumption, enthalpy flow, CO 2 emission, cost, and exergy loss. For the proposed system, the factors were only 59.6 %, 59.7 %, 62.8 %, 86.5 %, and 65.8 % of those of the conventional system, respectively. This supports the feasibility of hydrogen production from recovered waste heat. Furthermore, the proposed system is expected to contribute to the production of 'green' hydrogen that incurs less CO 2 emission.
Introduction
Steam reforming of natural gas is one of the most common methods of producing hydrogen. [1] [2] [3] In this method, natural gas is reacted with water to produce hydrogen at 700-1 100°C. Because this reaction is endothermic, some natural gas is combusted as fuel. However, from the viewpoint of energy cascade utilization, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] fossil fuels such as natural gas should be used for high temperature processes, given their large potential as heat sources for temperatures greater than 2 000°C, and chemical process plants should run on the waste heat from this high temperature process. Although it is well known that hydrogen separation by using membrane shifts the equilibrium of the steam reforming reaction and reduces the reaction temperature, [14] [15] [16] [17] this is still an endothermic reaction and the reaction heat necessary does not change. Therefore, the heat supply is an important factor for sustainable hydrogen production. Several researchers have proposed new hydrogen production systems that run on nuclear energy. 18, 19) In such systems, the reaction heat for methane steam reforming is supplied by a nuclear reactor and the natural gas is only a reactant and not a fuel.
Waste heat from a high temperature process can also be an important heat source for steam reforming. One of the most common high temperature industries is the steelmaking one. Japanese steelmaking consumes up to 11 % of the total national primary energy and releases 45 % of it in the form of waste heat. 10) Although many equipments for energy saving have been introduced since the two oil crises, the high temperature waste such as blast furnace (BF) slag and LD converter slag still remains unused despite the huge potential. Several reports [6] [7] [8] [9] [10] [11] [12] [13] describe methods to save energy and decrease carbon dioxide emissions. The LD converter also releases high temperature waste gas (LDG), which has a temperature of over 1 873 K (1 600°C) and is produce as a result of the oxygen stream blowing into the converter. Most of its sensible heat is wasted despite its large potential. 10) This is mainly because the temperature of LDG is too high for efficient recovery with conventional technologies and the emission is intermittent, not constant, due to unsteady operation: that is, charging of hot iron, oxygen blowing for de-carbonization, and discharging of steel. In addition, the incomplete seal created by the skirts around the converter makes direct heat recovery from LDG more difficult. Existing off-gas (OG) boilers may be effective for recovering heat from lower temperature LDG, but not at higher temperarures. 10) Therefore, a new technology is needed to utilize the LDG heat at over 1 273 K (1 000°C). We proposed a heat recovery system in which the waste heat intermittently emitted from the abovementioned processes was stored in the form of latent heat [10] [11] [12] [13] [20] [21] [22] [23] [24] and efficiently converted into chemical energy by an endothermic reaction 6, 7, [10] [11] [12] [13] 20, 21) such as the methane steam reforming reaction. From the viewpoint of energy cascade utilization, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] it is important to use high temperature waste heat
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Nobuhiro MARUOKA, 1) Hadi PURWANTO 2) and Tomohiro AKIYAMA 3) as a heat source in the chemical industry. The previous study 10) found that recovery of steelmaking waste heat was feasible on the assumption that only methane steam reforming occurs and that it proceeds completely without heat loss. The results showed that the reduction in carbon dioxide emission by using the waste heat of Japanese steelworks is as high as 2.05 Mt per year. However, in practice, hydrogen production involves many processes, with heat loss at every stage. Therefore, the aim of this study is to analyze operating data of a conventional hydrogen production system and use this data to evaluate the feasibility of a proposed system that includes waste heat recovery from steelworks. Operating data collection, material and heat balance analyses, exergy analysis, and cost evaluation were carried out to assess the entire system. The results indicate the possibility of industrializing a process for producing hydrogen from recovered waste heat. Furthermore, the proposed system will contribute to the production of green hydrogen, which results in less carbon dioxide emission.
Analysis Method for the Conventional Hydrogen Production System
This study analyzes a hydrogen production system that is typically industrialized using a steam reformer with a productivity of 814 Nm 3 -H 2 /d. Figure 1 shows the schematic diagram of the conventional hydrogen production system. This system consists of 3 main components: a reformer, a shift reactor, and pressure swing adsorption (PSA) system. The main process for the production of hydrogen is steam reforming of natural gas, whose major component is methane (see Appendix). Steam and natural gas are used as raw materials and supplied into a steam reformer. The steam reformer is a radiant tube heated by the combustion of natural gas in the heating furnace. In this process, natural gas reforms into water gas whose composition is 77.4%-H 2 , 12.6%-CO, 8.6%-CO 2 , and 1.4%-CH 4 . The main reaction in the reformer is ... (1) Water gas is introduced into the shift reactor through a combination boiler in which the sensible heat of water gas is recovered by supplying heat to steam. In the shift reactor, the water gas is converted into a mixture gas whose composition is 78.4%-H 2 , 2.6%-CO, 17.5%-CO 2 , and 1.4%-CH 4 .
The main reaction in the shift reactor is: ... (2) Finally, the PSA system purifies the mixture gas to 99.999 % of hydrogen. PSA offgas, whose composition is 47.4%-H 2 , 6.36%-CO, 42.8%-CO 2 and 3.42%-CH 4 , is burnt in the heating furnace in order to supply reaction heat for steam reforming. A portion of the refined hydrogen is introduced into the steam reformer for protecting the catalyst.
The Method of System Analysis
A system defined as a set of processes is represented by a number of processes, as illustrated in Fig. 2 . In the formulation of the hydrogen production system, first, the target system was resolved into its component elements. The circle in this figure represents a process, and the solid-line arrows toward and away from the circle denote the substances before and after the change, respectively. The white arrows represent the intermediary energy that is either released or accepted energy such as heat, work, electricity, and light. The dotted line represents the system boundary, which does
© 2010 ISIJ Fig. 1 . Schematic diagram of the conventional hydrogen production system, which consists of reformer, heating furnace, combination boiler (C.B.), shift converter, preheating of gas (P.H. of gas), preheating of water (P.H. of water), pump, degasifier, cooling, water separator, pressure swing adsorption (PSA) and off-gas holder. not intersect any flow of intermediary energy. Then, operating data of the temperature, composition, and pressure of substances were collected for each process to calculate the material balances; the difference was adjusted to be about 0.01 % of the input substance elementary. Third, the enthalpy and exergy are analyzed by the modified enthalpy method. The amount of heat loss is calculated from the difference between input and output enthalpies. The results of enthalpy and exergy balances are represented by the enthalpy and exergy flow charts. Finally, the amount of CO 2 emission and the production cost were evaluated.
Modified Enthalpy Method
In calculating enthalpy in general, we use standard conditions of 298.15 K (T 0 ), 0.101325 MPa (P 0 ) and define the enthalpy of all elements as zero. This is so called standard formation of enthalpy or standard heat formation, expressed by DH 0 (kJ/mol). Based on this definition, the DH 0 value of compounds is always negative. For example, regarding to carbon, the enthalpy of carbon element is zero and the enthalpy of CO 2 to be a negative value (Ϫ393.5 kJ/mol). However, in the balance sheet of enthalpy, the use of negative value in-and out-flows of enthalpy is quite inconvenient. In this study, therefore, we employed so-called "modified enthalpy" 13) for the analysis of the systems by changing the definition of a standard substance. In calculating the modified enthalpy, we take T 0 , P 0 as standard conditions and the most stable materials in the atmosphere, such as CO 2 , as standard substance. Under this definition, the enthalpy of element C is 393.5 kJ/mol and CO 2 , zero at T 0 and P 0 . The most stable substances, for instance, O 2 , N 2 , H 2 O (l), Fe 2 O 3 , CaCO 3 , Al 2 O 3 etc. are determined by Japanese Industrial Standards (JIS).
The abovementioned method gives modified standard enthalpy of any materials, as a result the enthalpy of all materials becomes positive value or zero. When a molar specific heat at constant pressure is expressed by C p , enthalpy is given by the following equations: Therefore, re-arrangement of the original data of specific heat into average specific heat value will be useful for calculating the enthalpy balance of the substances. Figure 3 shows the process system diagram. The conventional system analyzed in this thesis consists of 12 unit systems. Overall, air, natural gas, and water flow into the system while air, water, hydrogen, offgas, and waste gas flow out from the system. Apart from substances, work sources such as an electricity supply energy to the system and then effectively unexploited energy is released to the heat sink (HS) in the form of intermediary energy.
Results and Discussions
Two types of natural gas exist: raw material consumed in the reformer and fuel combusted in the heating furnace. First, natural gas as a raw material is pressurized to 2.29 MPa using a compressor. It is then preheated to 618 K by the waste heat of the mixture gas produced in the shift converter. Thereafter, it is introduced into the reformer along with a part of the produced hydrogen for preventing the deactivation of the catalyst. Natural gas as fuel is combusted in the heating furnace for supplying the heat required by the reformer. Water is first flowed into the degasifier for removing dissolved air and then pressurized to 2.78 MPa using the pump, third preheated to 418, 473 and 753 K at water preheater, combination boiler and steam preheater, respectively. Finally, it is introduced into the reformer. A part of the steam-called by-product steam-that is preheated in the combination boiler flows out and is utilized in the other system. This implies that an extremely high amount of fuel is consumed for heating the by-product steam.
In the reformer, preheated natural gas and steam are reformed to water gas with the help of nickel based catalyst; here, the reaction heat is supplied from the heating furnace in the form of intermediary energy. Next, using the shift reaction, the water gas is converted to the mixture gas with Fe-Cr catalysts in the shift reactor, thereby increasing the hydrogen composition. Finally, the mixture gas is introduced to a PSA system for purifying hydrogen. The offgas from the PSA system is then combusted with air in a heating furnace to generate the heat required for the reformer. It should be noted that a part of the offgas is still not utilized efficiently. Sensible heats of gases are recovered in the combination boiler (C.B.) and degasifier for preheating water, steam, and natural gas, as well as by the gas preheater (P.H. of gas) and water preheater (P.H. of water). Table 1 shows the total material, enthalpy, and exergy balances per unit volume of 1 Nm 3 -H 2 of the conventional hydrogen production system. In this system, 1 Nm 3 of hydrogen is actually produced with 0.57 Nm 3 of natural gas, although the theoretical value of methane required for producing hydrogen is 0.31 Nm 3 -CH 4 /Nm 3 -H 2 (see Table 2 ). In practice, 0.34 and 0.23 Nm 3 of natural gas are consumed as raw material and fuel, respectively. This implies that as much as 40.3 % of the input natural gas is consumed for combustion in order to supply the reaction heat of methane steam reforming, despite the theoretical value being only 18.7 %. The main reason for these phenomena is that the actual operation is not ideal. This implies that the reaction does not proceed completely and that heat loss occurs, leading to increments of exergy loss, cost, and carbon dioxide emission, as mentioned below. Appendix lists the operating data of each process in the conventional hydrogen production system. The input and output substances are listed for each of the 12 processes, which includes the temperature, flow rate, compositions, enthalpy, and exergy. Figure 4 shows the enthalpy flowchart of the conventional hydrogen production system for facilitating the visualization of Appendix. The white and black blocks represent the substances and processes, respectively. The gray block arrows show the heat loss from each process. The Table 1 . The overall material, enthalpy and exergy balances in the conventional hydrogen production system. Table 2 . Theoretical value and operating data of methane required for producing hydrogen. Fig. 4 . Enthalpy flowchart of the conventional hydrogen production system, in which in-and out-flows of enthalpy in the each processes (see Fig. 2 ) were calculated based on the modified enthalpy method.
material flow is already explained in Fig. 3 . In the reformer, natural gas and steam are reformed into the water gas by heat absorption from the heating furnace; here, only 3 -H 2 is also combusted in the heating furnace. This value approximately corresponds to the enthalpy accepted from the heating furnace. Thus, only 25.5 % of the input enthalpy of the heating furnace is accepted in the form of chemical enthalpy by reforming methane. This is caused by enormous heat losses from each process in comparison to the input enthalpy in each system: 30.2 %, 15.5 %, 0.74 %, 0.73 %, and 0.31 % in the heating furnace, combination boiler, water preheater, degasifier, and reactant preheater, respectively. The temperature of processes also decreases in the same order as above. The total heat loss of the conventional system is approximately equal to the enthalpy of input natural gas as a fuel. In consequence, the enthalpy of the produced hydrogen, 51.2 % of total input enthalpy, is less than that of the input natural gas as a raw material, 59.7 % of the total input enthalpy. In other words, the enthalpy of natural gas as a fuel was mainly lost as heat loss. If the heat required for the reaction is supplied by nonfossil fuels as waste heat, hydrogen can be produced by using less natural gas. Figure 5 shows the exergy flowchart of the conventional hydrogen production system. In the analysis, the process is represented as a black trapezium because the exergy is not conserved; the exergy represents the quality of energy regardless of the enthalpy conservation between the input and output of substances. The difference between the input and output substances shows the exergy loss. The results showed that the heating furnace is the major contributor of exergy loss. This is because methane and carbon monoxide are converted into water and carbon dioxide in the heating furnace; the former reaction yields a large exergy while the latter yields a small exergy. The exergy losses are 59.5 %, 11.9 %, 0.68 %, 0.53 %, and 0.31 % in the heating furnace, combination boiler, preheating of water unit, degasifier, and reactant preheater, respectively.
In the steam reformer, the thermal and chemical exergies increase 1.14 and 1.83 MJ/Nm 3 -H 2 , respectively. However, the exergy loss of a heating furnace is 11.63 MJ/Nm 3 -H 2 . Thus, only 15.7 % of the exergy is utilized. In the hydrogen production system, the exergy loss of a shift reactor is minimum because there is no combustion. According to the exergy analysis, the reaction heat of reforming methane should be supplied from the waste heat because the exergy loss of the heating furnace is very large.
In the previous study, [10] [11] [12] [13] a new hydrogen production system that utilizes waste heat was proposed. Figure 6 shows the proposed hydrogen production system that is combined with waste heat recovery of steelworks; here, the heating furnace is replaced by the high temperature process of steelworks. High temperature waste is first introduced into the heat exchanger, then supplied for reforming methane, and finally converted to chemical energy through an endothermic reaction. The estimation was performed under the assumption that waste heat is recovered from the high temperature of wastes reduced to a low temperature of 423 K. Figure 7 shows the comparison of the exergy loss between the conventional and proposed hydrogen production systems. The exergy loss of a steam reformer in the conventional system, including a heating furnace and a steam preheater is 69.3 % of the total exergy loss. The proposed system can achieve a drastic reduction in the exergy loss of the reformer. The exergy of natural gas is larger than that of waste heat. The energy levels-the ratio between enthalpy and exergy-of natural gas and waste heat at 1 500 K are 0.97 and 0.67, respectively. Consequently, the total exergy loss is reduced to 65.8 % in comparison with the conventional hydrogen production system.
The temperatures of LD gas and slags are 1 773 and 1 823 K, respectively (see Table 3 ). Table 4 lists the advantages of the proposed system for supplying waste heat to the production of hydrogen. In this evaluation, the cost of raw materials, primary cost, exergy loss, and amounts of input natural gas, total input enthalpies, and carbon dioxide emission, were calculated. The prime cost was estimated by adding 20 yen to the raw material cost as cost of the equipment, employment, and transportation. The results showed that the proposed steam reformer can improve to 59.7 %, 62.8 %, 86.5 %, and 65.8 % for the energy consumption, carbon dioxide emission, primary cost, and exergy loss, respectively. Table 5 shows the predicted capacity of hydrogen production and the reduction of carbon dioxide emission by using the high temperature waste heat of steelworks. The results show that 82.5 Nm 3 /steel of hydrogen can be produced by utilizing waste heats of LD gas, BF, and LD slags. If the entire waste heat produced by Japanese steelworks is supplied for hydrogen production, 5.6 billion Nm 3 of hydrogen can be produced. This value corresponds to the amount of fuel required for 4.3 million FC-vehicles per year. Similarly, the amount of carbon dioxide emission can be reduced by 44.3 kg/steel and 3.3 Mt/year in the proposed system. This value corresponds to as much as 0.26 % of the Japanese yearly emission.
Conclusions
The proposed hydrogen production system utilizing the waste heat of steelworks was evaluated by analyzing the conventional system based on actual operating data.
The analysis of the conventional system showed the following:
(1) For producing 1 Nm 3 of hydrogen, the conventional system uses 0.34 Nm 3 of natural gas as raw material and 0.23 Nm 3 of natural gas as fuel and emits 1.48 kg of carbon dioxide.
(2) Heat losses are 30.2 %, 15.5 %, 0.74 %, 0.73 %, and 0.31 % for the heating furnace, combination boiler, water preheater, degasifier, and reactant preheater, respectively. Heat required for methane steam reforming is supplied by the waste heat in the steelworks; (A) LD converter: A heat exchanger with Phase Change material (PCM) can save intermittently emitted waste heat from a batch-wise LD converter by melting the PCM and supply it to the endothermic reaction of methane steam reforming by solidifying the PCM. 10,11) (B) Slag granulation treatment: A rotary cup atomizer (RCA) can granulate molten slag from the blast furnace (BF) and LD converter by centrifugal force and it is directly cooled by endothermic reaction of methane steam reforming. The reactive gas of methane and steam and the hot slag drops are countercurrently preheated through the moving bed.
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Fig. 7.
Comparison of exergy loss between the conventional and proposed hydrogen production systems. Table 3 . Waste heat of high temperature in the Japanese steelmaking industry. Table 4 . Comparison of energy requirement, carbon dioxide emission, primary cost and exergy loss between the conventional system and the proposed one for hydrogen production. Table 5 . Estimation of hydrogen production and reduction of carbon dioxide emission in the proposed system.
